The endornaviruses are large dsRNA viruses that were first described from plants in the early 1990s (Valverde et al., 1990; Wakarchuk & Hamilton, 1990) and later found in fungi and oomycetes (Fukuhara et al., 2006) , although a large dsRNA from Vicia faba was described in the early 1980s (Grill & Garger, 1981) , which later proved to be an endornavirus. The first completed sequence was from a virus in rice in the mid 1990s (Moriyama et al., 1995) . Endornaviruses have recently been awarded family status (Endornaviridae) by the International Committee for the Taxonomy of Viruses (http://www.ictvonline.org/ virusTaxonomy.asp?version=2009). They have a number of unique properties, including no evidence of encapsidation, a single very long ORF with a nick in the plus strand and the presence of a poly-C 39 end in some, but not all members of the group (Fukuhara et al., 2006) . Endornaviruses have a persistent lifestyle in their hosts (Roossinck, 2010) , and no evidence of horizontal transmission in plants or fungi, or of cell-to-cell movement in plants. They share a number of similar domains in their ORFs, but only the RNA-dependent RNA polymerase (RdRp) is clearly homologous among all species. The other domains are remarkable in that they are found in some, but not all members of the family, and they are not homologous. In addition, many endornaviruses contain a glycosyltransferase (GT) domain, a highly unusual protein for RNA viruses.
The sequences of the 11 completed genomes of members and putative members of the family Endornaviridae were analysed by phylogenetic analysis and for conserved domains using the conserved domain database (CDD) through the NCBI website (Marchler-Bauer et al., 2011) . When two closely related isolates had been sequenced, only one was used for the CDD analysis (nine in total), while all 11 were used for the phylogenetic analysis of the RdRp. Virus names, abbreviations and GenBank accession numbers are listed in Supplementary Table S1 (available in JGV Online). Domain hits with expect values larger than 10 22 were not considered. The various domains are shown in Table 1 , with their protein families shown in different colours. Viruses are ordered by the size of their genomes. Two of the nine viruses, Bell pepper endornavirus (BPEV) and Gremmeniella abietina type B RNA virus XL1 (GaBRV-XL), contain a methyltransferase (MeTr) domain that is related to postive-sense ssRNA viruses. However, in the remaining seven viruses this domain is not detected, although we cannot rule out a highly diverged and unrecognizable MeTr domain. The MeTr in ssRNA viruses is used to add an m 7 G cap structure to the 59 end of the viral RNA, but experimental proof of a cap structure has not been shown for any endornavirus. Both BPEV and GaBRV-XL MeTr domains are most similar to Sunn-hemp mosaic virus (SHMV), a tobamovirus. However, while there is some overlap in the conserved domains, the similarity is more extensive between GaBRV-XL and SHMV than between BPEV and SHMV. In addition, many of the other viral MeTr domains most similar to BPEV are of mycovirus origin, while the GaBRV-XL MeTr is closer to plant viruses, even though GaBRV-XL is a fungal virus, while BPEV is a plant virus (Fig. 1 ). These differences suggest that the MeTr was acquired independently by the two viruses.
Most of the endornaviruses also contain a conserved helicase domain, although the two rice viruses, Oryza sativa endornavirus (OSV) and its closely related sister species Oryza rufipogon endornavirus (ORV) Helicobasidium mompa endornavirus 1 (HmEV1), and the root rot fungus virus do not by the criteria used here. Hence, if they do have a functional helicase it is too diverged from known helicases to be readily recognized. The origin of the helicase domains in the remaining six viruses is clearly different. Two of the fungal viruses, GaBRV-XL and Tuber aestivum endornavirus (TaEV) contain DEAD-like helicase domains, a diverse family of ATP-dependent helicases involved in unwinding RNA or DNA, and the remainder of the endornaviruses contain Uvr-B-like domains that are found in a number of ssRNA virus replicases. GaBRV-XL has both types of helicase (Table 1) .
Six of the nine endornaviruses contain GT domains, but these are also from diverse origins ( Table 1) . Three of the four plant endornaviruses contain GTs from different sources. BPEV contains a GT domain that is most similar to bacterial GTs involved in the synthesis of antibiotics. This domain is also found in Phytophthora endornavirus 1 (PEV1), an oomycete virus, and Chalara elegans endornavirus 1 (CeEV1), a fungal virus. OSV and ORV, the rice viruses, contain a different type of GT with a DXD motif. This is a very diverse family of GTs found in many organisms. They also contain an additional GT motif that is in the same family as the BPEV GT domain. The fourth plant endornavirus, Vicia faba endornavirus (VFV) from broad bean, does not contain a GT domain. HmEV1 contains yet another GT motif from the '28 N family'. These GTs are characterized by an N-terminal domain that is probably membrane associated. It is highly unusual for RNA viruses to encode GTs. The only other GTs described in RNA viruses are found in some, but not all, of the hypoviruses of Cryphonectria (Linder-Basso et al., 2005; Smart et al., 1999) . These GTs belong to the same superfamily as the GT in BPEV. Interestingly, the hypoviruses, like the endornaviruses, are found as dsRNAs in their infected hosts, lack any evidence of encapsidation, and have RdRps that are ssRNA RdRps. The function of the GTs in any of these viruses is unknown. They could play roles in protecting the viral RNA from degradation by modifying the RNA, or cellular membranes surrounding the RNA.
All of the endornaviruses encode an RdRp at the C terminus of the long ORF. These are all similar, and are the only highly conserved domain in members and putative members of the family Endornaviridae. They are related to the RdRps of ssRNA viruses, rather than dsRNA RdRps, and are closest to the RdRps of closteroviruses. The RdRp amino acid sequences of the nine viruses, plus an additional strain of *Protein domains are shown in different colours based on the protein superfamily they belong to. cl14882 is the DEAD-like helicase superfamily; cl03049 is the RdRp superfamily that includes most ssRNA virus RdRps; cl103298 is the methyl-transferase family that includes the ssRNA alpha virus MeTr, involved in capping viral RNA; cl14126 is the UvrD/REP helicase family that catalyses the ATP-dependent unwinding of DNA; cl10013 is a GT superfamily that shares a common GTB topology for nucleotide-sugar-dependentglycosyltransferases; cl12292 is another GT superfamily that contains a DXD motif, and uses nucleoside diphosphate sugars as donors; cl107328 is a third GT superfamily that is membrane associated, and is also known as the 28 N-terminal. DLength in bp of the viral genomic RNA.
Evolutionary history of endornaviruses
BPEV (BPEV-YW) and an additional strain of GaBRV-XL (GaBRV-XL2) were aligned along with the RdRp of Pineapple mealybug wilt-associated virus 1 (PMWaV-1; family Closteroviridae, genus Ampelovirus), which was used as an outgroup for phylogenetic analysis. Initial alignments were done in MAFFT and were edited manually using Mesquite 2.74 (Maddison & Maddison, 2010) . Aligned sequences were imported into Geneious (www.geneious. com) and analysed via a MrBayes (Ronquist & Huelsenbeck, 2003) plugin. The rate matrix was set to a Poisson distribution with a gamma rate variation. Burn-in was 100 000 and total chain length was 1 100 000. Branch lengths were unconstrained. Tree topologies were confirmed using PhyML (Guindon et al., 2009 ) and PAUP 4.0 Beta 4b10 (Swofford, 2002) , which gave very similar trees (not shown).
The topology of the tree does not follow the relationships of the hosts. For example, VFV, a plant virus, is most closely related to CeEV-1, a fungal virus, and the oomycete virus PEV-1 is a sister virus to these two (Fig. 2) . The two rice viruses form a separate clade that is closer to the root rot virus (HmEV-1) than it is to the Bell pepper virus. One explanation is that these viruses have a common origin, most likely in fungi, and have been transmitted horizontally at some time in their history. The accompanying paper on BPEV suggests that short-term evolution may be congruent with a host group, but long-term evolution clearly is not.
The relationships of the viruses inferred from their RdRps follow the relationships based on shared domains in several cases, but not always. For example, CeEV-1, VFV and PEV-1 all share helicase domains, but while CeEV-1 and PEV-1 contain GT domains from the same superfamily, VFV lacks a GT domain altogether (Table 1) . BPEV and GaBRV-XL are the only viruses with a MeTr domain, but they are found in distal portions of the tree (Fig. 2) . TaEV and GaBRV-XL form a separate clade by RdRp analysis and share a Hel domain from the same superfamily, but TaEV does not contain the MeTr domain. In addition, GaBRV-XL contains a second Hel domain (a UVR-D Hel domain) that is shared with several other endornaviruses. HmEV-1, closest to the rice viruses by RdRp, shares the lack of a Hel domain with them, but has a different GT domain that is not found in any of the other viruses.
This interesting and highly modular arrangement of domains in the endornaviruses suggests that they have acquired various functional domains from different sources and/or at different times during their evolution. The lack of domains in some viruses could mean that these domains were not acquired or that the domains were in some ancestral virus and subsequently lost. The occurrence of domains with similar functions from obviously different sources, such as the Hel and GT domains from different protein superfamilies indicates a convergent pattern of Evolutionary history of endornaviruses evolution. Although the method of acquisition of these domains is not known, it suggests a very complex and dynamic evolutionary history that is unprecedented in other families of plant or fungal viruses.
Since the endornaviruses do not have any known effects on their hosts, they have been understudied. However, sequence analysis of more endornavirus genomes will certainly shed new light on this interesting virus family. Bayesian analysis of the relationships among aligned amino acid sequences of the RdRps. PMWaV-1 was used as an outgroup. Relative branch lengths are indicated by numbers above branches. Virus GenBank accession numbers and abbreviations are given in Supplementary Table S1 .
